INTRODUCTION
A zone cooling system has been suggested as an energy efficient cooling method for greenhouses. This method has been suggested to cool only the environment surrounding the greenhouse plants rather than the entire enclosed greenhouse air.1-4) To increase the cooling efficiency, the zone cooling system was equipped with perforated polyethylene tubes for cool air distribution.4)
The discharge flow rate from perforated air distribution tubes has been studied by a number of researchers.5-7) However, the temperature distribution along the tube length, which is a major concern in designing a perforated tube for cool air distribution has not been studied previously. The present study was conducted to evaluate the uniformities of discharge flow rate and air temperature along a cool air distribution tube for zone cooling in a greenhouse.
EXPERIMENTAL PROCEDURE
The experimental zone cooling system: Two spot coolers (Hitachi Reinetsu Corp., SR-40GLT 1) were used to provide cool air. The cool air was drawn into a perforated tube by means of a vane-axial fan. Two types of perforated tube were tested in this study. The perforated tubes with different hole spacing were made from tubular polyethylene film, 10 m in length and 23.2 cm in diameter. However, the total length of each tubular film was 15 m, that was including non-perforated sections of 4.5 m long in the upstream and 0.5 m long in the downstream of the perforated section. The downstream ends of the tubes were sealed tightly. Discharge holes were located at both the tube sides. The design of the tested tubes and the inlet flow rate used in the experiment are given in Table 1 . When the perforated tube was tested, the tube was suspended to reduce vibrations and to maintain the tube in horizontal and straight condition. Furthermore, the tube was protected from direct solar radiation Air temperatures inside the tube were measured at 11 discharge stations as same as pressure measurements. Copper-constantan thermocouples (diameters = 0.32 mm) were used for temperature measurements. To reduce errors in temperature measurements that may caused by solar radiation, shading shelters were applied to all temperature sensors. Temperature data were scanned and averaged together with the pressure data using the same logger, 1easurements were conducted in sunny days in the late summer of 1992.
ANALYSIS
A nalysis o f air flow. The following assumptions were made: (1) the air flow in the tube was steady and uncompressed, (2) the change in density of air along the perforated tube due to the change in its temperature was negligible, (3) the perforated tube was horizontally straight. 
RESULTS

Measured and calculated static pressures
To validate the method for calculating the discharge flow rate as described in the analysis, the calculated static pressure values were compared with the measured values. Figure 2 shows the comparison of calculated and measured static pressures. Lines indicate the calculated static pressures along the tube length and symbols refer to the static pressures measured at 11 discharge stations.
In this calculation, the It was tried to simplify the analysis of heat transfer by representing convective Vol. 32, No. 1 (1994) ( 13) 13 and radiative heat transfers through the tube wall in a single term of heat flux (HF). Furthermore, the HF value was considered to be constant along the tube length. The results of temperature measurement were used to search the HF value iteratively. Lines in Fig. 3 show the calculated air temperature along the tube length. The calculated results indicated a bit deviation from the measured values. The error in the calculated air temperature was defined in the same way as the error in the calculated static pressure was defined. The ranges of error in the calculated air temperature are indicated in Fig. 3 .
Simulation of cool air discharge Uniformity of cool air discharge may be described by the uniformity in discharge flow rate and the uniformity of air temperature in the tube. Simulation of these two components of uniformity of cool air discharge was conducted using Eqs. (1) to (11). The input variables used in the simulation are given in Table 2 . Figure 4 shows the distribution of discharge flow rate along the tube length for three area ratios. In addition, it was noted that the area ratio has no considerable effect on the uniformity of air temperature in the tube.
z See the footnote of Table  1 . Fig. 4 Simulated discharge flow rate (percent of average) along the perforated tube. Figure 2 shows that the static pressures calculated using Eqs. (1) to (7) were in a reasonable agreement with the measured values. The static pressure value dominated in determining the total pressure value and therefore the discharge flow rate. Therefore, the analysis of air flow may be coupled with the analysis of heat transfer to calculate air temperature along the length of a perforated tube.
In calculating air temperature in the tube by considering a constant HF along the tube length, the errors occurred within 3.2% (Fig. 3) . The results point out the benefit of the consideration of a constant HF along the tube length. This method may be used as a design tool to predict air temperature in the tube with adequate accuracy.
An improvement in the uniformity of discharge flow rate (Uq) can be obtained by reducing the ratio of total area of discharge holes to cross-sectional area of the tube (Figs. 4 and 5) . The improvement in Uq value by reducing the area ratio is accompanied by an increase in Euler number at the upstream end of the tube (Eu). It means that this improvement of uniformity causes a larger static pressure at the upstream end of the tube for a given inlet flow rate. As the area ratio decreases below 0.6, the Eu value increases rapidly (Fig. 5) .
In the last 10% of the tube length, as the flow of cool air approaches the downstream end (its velocity approaches to zero), the heat rate of air flow in the tube decreases rapidly. On the other hand, the overall heat gain through the tube wall remains constant. As a result, the air temperature in that tube section increases rapidly (Fig. 6) . Furthermore, the uniformity of air temperature in the tube decreases as the overall heat flux through the tube wall increase (Fig. 7) .
These characteristics seem to occur in this type of cool air distribution tube. Therefore, in designing a greenhouse zone cooling system with perforated tubes for cool air distribution, it is suggested to consider these phenomena. Vol. 32, No. 1 (1994) (15) 15
